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Introduction {#sec1}
============

Tissue homeostasis depends on cell turnover replacing aged and damaged cells through asymmetric stem cell divisions. The rate of cell turnover is particularly high in the intestine and regulated by the interaction between the intestinal stem cells (ISCs) and the supportive cellular environment called the niche ([@bib11], [@bib22]). Since the intestine is a major energy-consuming tissue, modulating intestinal volume and cellular architecture is an important adaptation to fluctuating nutrient availability ([@bib30], [@bib34]). For example, reduced calorie intake leads to shorter villi, fewer enterocytes, and reduced overall mass of the small intestine of murine models, and re-feeding reverses these changes ([@bib3], [@bib8], [@bib13], [@bib58]). In addition, excess calorie consumption has been shown to have profound implications in the physiology of the intestine, exemplified by epidemiological studies linking obesity and colon cancer incidence ([@bib2], [@bib5], [@bib10]). Accordingly, nutrition is an important facilitator of the regulation of the cell turnover rate in the intestine.

Cells respond to nutritional cues through non-cell-autonomous humoral signals such as insulin as well as cell-autonomously through intracellular nutrient sensors such as ChREBP and mTOR signaling ([@bib17], [@bib18]). Furthermore, recent reports show that metabolic pathway activities can be important facilitators of the cellular response to nutrient availability ([@bib31], [@bib49], [@bib55]). ISCs, residing in their prospective niche, are subjected to an additional layer of regulation through niche-secreted factors ([@bib34]). For example, ISC self-renewal in fluctuating dietary conditions is regulated by a cyclic ADP ribose paracrine signal from the Paneth cells of the niche ([@bib58]).

The fruit fly *Drosophila melanogaster* has become a valuable model in understanding the molecular mechanisms guiding the intestinal renewal process ([@bib26], [@bib27]). The fly midgut, a counterpart for the mammalian small intestine, is adaptive to prevailing nutritional conditions. When flies are kept on a calorie-restricted diet, the midgut shrinks in size due to enterocyte apoptosis and attenuated stem cell division rate ([@bib9], [@bib32], [@bib39]). Food intake, in turn, results in an expansion of the progenitor cell population and a consequent midgut regeneration. The feeding and fasting cycles are accompanied by changes in local insulin production, and modulating the insulin responsiveness of the ISCs has profound implications to the adaptation of the midgut to nutrient content ([@bib9], [@bib39]). Current knowledge emphasizes the role of ISC extrinsic nutrient-sensing mechanisms, i.e., circulating insulin in regulating the adaptation of the intestine to nutrient availability ([@bib9], [@bib39]). Furthermore, the intestine is a well-established nutrient-sensing organ eliciting systemic signals for inter-organ communication important for the maintenance of organismal homeostasis ([@bib47], [@bib48]). However, if and how ISCs sense nutritional status cell-autonomously and how ISC intrinsic nutrient metabolism is linked to extrinsic growth signals has not yet been resolved.

By utilizing the *Drosophila* midgut as a model, we reveal a novel mechanism of ISC regulation integrating the intrinsic signal from the metabolism with extrinsic growth signal. The mechanism translates hexosamine biosynthesis pathway (HBP) activity via a Warburg effect-like regulatory switch in central metabolism into ISC division rate. HBP activity also determines the responsiveness of insulin receptor (InR)-mediated signaling in the ISCs, implying a previously unprecedented control of growth signal interpretation by cell intrinsic metabolic signal. Through the uncovered mechanism, we place HBP as a key player regulating ISC response to nutrition and midgut adaptation.

Results {#sec2}
=======

HBP Is a Mediator of Diet-Dependent Midgut Adaptation {#sec2.1}
-----------------------------------------------------

In an attempt to genetically identify mediators of adult fly ISC activation, we uncovered components of HBP to play a role in this process (data not shown). HBP is a nutrient-responsive metabolic pathway, incorporating intracellular glucose, glutamine, acetyl-CoA, and UTP into the synthesis of UDP-GlcNAc, a substrate for macromolecule glycosylation ([Figure 1](#fig1){ref-type="fig"}A). When exploring the role of HBP in ISCs, we encountered that feeding flies with an intermediate of HBP, N-acetyl-D-glucosamine (hereafter GlcNAc), promoted ISC proliferation as measured by the propagation of cell number in midgut clones ([Figures 1](#fig1){ref-type="fig"}B and 1C). We utilized the number of cells in mosaic analysis with a repressible cell marker (MARCM) clones within the R4c region as a surrogate for midgut adaptation ([Figure 1](#fig1){ref-type="fig"}B). We scored midgut clonal cell numbers in either undiluted (1×) or diluted (0.25×, hereafter calorie restriction) fly food. As expected, the cell numbers within the clones were reduced upon calorie restriction. Strikingly, when the calorie-restricted diet was supplemented with 0.1 M GlcNAc, the clone size was sustained at the level of non-calorie-restricted flies. In contrast, in undiluted food, GlcNAc supplementation only modestly increased the clone size ([Figures 1](#fig1){ref-type="fig"}C and 1D). To exclude the possibility that flies in the GlcNAc diet have elevated nutrient uptake, we monitored fly feeding by a colorimetric assay ([@bib51]). We noticed no increase in food intake in flies kept in the GlcNAc-supplemented food compared to the flies fed in the control diet ([Figure 1](#fig1){ref-type="fig"}E). These results show that dietary GlcNAc can maintain midgut clone size during calorie restriction independent of food intake.Figure 1HBP Is a Mediator of Diet-Dependent Midgut Adaptation(A) Schematics of the hexosamine biosynthesis pathway (HBP). In this study, we fed flies with GlcNAc-supplemented food to stimulate HBP flux. GlcNAc is taken up by glucose transporters and enters the pathway after phosphorylation by N-acetylglucosamine kinase to yield GlcNAc-6P. HBP integrates inputs from glucose, glutamine (nitrogen metabolism), acetyl-CoA (carbon metabolism), and UTP (energy metabolism), making it a sensor of cellular nutrient and energy metabolism.(B) Schematics of the experimental setup employed in the study.(C) Dietary GlcNAc promotes midgut growth of calorie-restricted flies. Wild-type MARCM clones in the control diet (1×) and calorie-restricted diet (0.25×) supplemented with GlcNAc (0.1 M).(D) Quantification of (C).(E) Quantification of adult fly nutrient uptake by a colorimetric assay from dietary conditions and genotype in (C). The experiment was performed in quadruplicate with pools of eight flies per replicate. p values in (D) are calculated by Wilcoxon rank-sum test with multiple testing correction (false discovery rate \< 0.05). p values in (E) are calculated by two-way ANOVA, followed by post hoc Tukey HSD test. The number of samples in the clonal experiments are indicated in the figure and in [Table S3](#mmc1){ref-type="supplementary-material"}.

HBP Is a Necessary and Sufficient Driver of ISC Divisions {#sec2.2}
---------------------------------------------------------

Dietary GlcNAc is taken up by cells through glucose transporters and incorporated into HBP flux ([@bib37], [@bib55]). Our results suggest that on a calorie-restricting diet, HBP activity is limiting ISC divisions and that upon a full diet, the pathway is already close to saturation or restricted through negative feedback regulation ([@bib52]). We next asked whether HBP regulates ISC divisions through cell intrinsic mechanisms by analyzing midgut clones deficient for HBP activity. To this end, we generated loss-of-function mutants of the rate-limiting enzyme in HBP, glutamine fructose-6-phosphate aminotransferase (Gfat) ([@bib29]). The *Drosophila* genome contains two Gfat homologs, *gfat1* and *gfat2*. According to the published transcriptome of the *Drosophila* midgut cells, *gfat2* is the prevailing isoform expressed in the ISCs ([@bib14]). By CRISPR/Cas9-mediated genome engineering, we recovered *gfat2*^*Δ1*^ and *gfat2*^*Δ2*^ alleles with 20 and 4 base pair coding region deletions, respectively ([Figure 2](#fig2){ref-type="fig"}A). Trans-heterozygote *gfat2*^*Δ1/Δ2*^ mutants were first instar lethal but were rescued to pupal stage by an addition of GlcNAc to the fly food ([Figures 2](#fig2){ref-type="fig"}B, 2C, and [S1](#mmc1){ref-type="supplementary-material"}). Furthermore, *gfat2*^*Δ1/Δ2*^ mutant animals died rapidly on a 5% sucrose diet but were completely rescued by GlcNAc supplementation ([Figure S1](#mmc1){ref-type="supplementary-material"}). Together, these results show that the growth and lethality phenotypes of the *gfat2* mutant animals are due to reduced GlcNAc synthesis and impaired HBP flux.Figure 2Gfat2 Is an ISC Autonomous Regulator of Cell Division and Cell Growth(A) Schematics of the genomic location of the *gfat2* gene and the recovered alleles used in this study.(B) *gfat2* null animals are first instar lethal but rescued by dietary GlcNAc. *gfat2*^*Δ1/Δ2*^ trans-heterozygote and wild-type controls 2 days after hatching in control diet.(C) Wild-type control 12 days after hatching in control diet (adult fly in left) and *gfat2*^*Δ1/Δ2*^ trans-heterozygote and control animals in a diet supplemented with 0.1 M GlcNAc (pupae and larvae on right).(D) Cells of the *gfat2*^*Δ1*^ intestinal clones are growth defective and lack an enterocyte marker. Control (upper inset) and *gfat2*^*Δ1*^ (lower inset) MARCM clones stained with the enterocyte marker anti-Pdm1 antibody.(E) Intestinal *gfat2*^*Δ1*^ clones are growth defective and rescued by dietary GlcNAc. MARCM clones of control -GlcNAc, *gfat2*^*Δ1*^ -GlcNAc, *gfat2*^*Δ1*^ +GlcNAc, and UAS-Gfat2; *gfat2*^*Δ1*^ -GlcNAc.(F) Quantification of (E).(G) Intestinal MARCM clones overexpressing Gfat2 are larger than controls due to increased cell numbers. Quantification of cell numbers in control and UAS-Gfat2 MARCM clones in the control diet (1×) and calorie-restricted diet (0.25×).(H) Overexpression of Gfat2 by the Esg-Gal4^ts^ driver leads to an increased midgut mitotic index. Quantification of the pH3-positive cells from Esg-Gal4^ts^\>control and Esg-Gal4^ts^\>UAS-Gfat2 intestines. p values in (F) and (G) are calculated by Wilcoxon rank-sum test with multiple testing correction (FDR \< 0.05). p values in (H) are calculated by Wilcoxon rank-sum test. The number of samples in the clonal experiments are indicated in the figure and in [Table S3](#mmc1){ref-type="supplementary-material"}.See also [Figures S1](#mmc1){ref-type="supplementary-material"} and [S2](#mmc1){ref-type="supplementary-material"}.

To address the role of Gfat2 in the fly midgut, we analyzed the proliferation and differentiation of *gfat2*^*Δ1*^ mutant cells in intestinal MARCM clones. ISCs mutant for *gfat2* was viable and able to divide asymmetrically as shown by the presence of the ISC marker Delta-positive cells within *gfat2*^*Δ1*^ clones ([Figure S2](#mmc1){ref-type="supplementary-material"}). In addition, the ISCs mutant for *gfat2* was able to differentiate into the EE lineage, as shown by the presence of the EE cell marker Prospero-positive cells within *gfat2*^*Δ1*^ clones ([Figure S2](#mmc1){ref-type="supplementary-material"}). However, the size of daughter cells arising from *gfat2*^*Δ1*^ progenitors was smaller than cells in control clones. Hence, we stained *gfat2*^*Δ1*^ clones for anti-Pdm1, a marker of mature enterocytes, and noticed that most of the cells lacked noticeable Pdm1 expression, indicating that these cells are defective in enterocyte differentiation ([Figure 2](#fig2){ref-type="fig"}D). Moreover, the cells in the *gfat2*^*Δ1*^ clones proliferated in a significantly lowered rate compared to wild-type clones ([Figures 2](#fig2){ref-type="fig"}E and 2F). Remarkably, the clonal propagation phenotype of *gfat2*^*Δ1*^ clones was completely rescued by dietary GlcNAc or by exogenous expression of Gfat2 ([Figures 2](#fig2){ref-type="fig"}E and 2F). The results indicate that the HBP flux and the production of hexosamines are restored in the *gfat2*^*Δ1*^ ISCs by dietary GlcNAc. We then asked if increased hexosamine synthesis is sufficient for ISC activation. To this end, we overexpressed the Gfat2 enzyme in midgut clones and measured the clone size propagation. Similar to the results obtained from GlcNAc supplementation experiments, Gfat2 overexpression resulted in an increased net clone size, and the phenotype was pronounced in calorie-restricted flies ([Figure 2](#fig2){ref-type="fig"}G). Finally, to ask if HBP is a stem cell-autonomous inducer of cell division, we overexpressed Gfat2 by the Esg-Gal4 driver, which is expressed in the stem cells and the enteroblast progenitors ([@bib33]), and counted pH3-positive cells as a readout of the ISC division rate. Overexpression of Gfat2 in the Esg^+^ cells led to a noticeable increase in the pH3-positive cells, whereas overexpression by the enteroblast-specific Su(H)-Gal4 driver had no effect ([Figures 2](#fig2){ref-type="fig"}H and [S2](#mmc1){ref-type="supplementary-material"}). Taken together, the results presented above show that HBP activity is a necessary and sufficient regulator of ISC division. In addition, HBP is required for daughter cell growth and enterocyte maturation.

HBP Mediates ISC Activation through Regulation of Pyruvate Metabolism {#sec2.3}
---------------------------------------------------------------------

In the search for a mechanism of the HBP-mediated ISC activation, we performed RNA sequencing (RNA-seq) gene expression profiling analysis from intestines of calorie-restricted flies exposed to dietary GlcNAc. From the dataset, we performed differentially expressed gene analysis (DEG) and gene set enrichment (GSE) analysis ([Tables S1](#mmc2){ref-type="supplementary-material"} and [S2](#mmc3){ref-type="supplementary-material"}). Notably, the results revealed that dietary GlcNAc comprehensively inhibits the expression of genes involved in the TCA cycle and oxidative phosphorylation in mitochondria ([Figures 3](#fig3){ref-type="fig"}A and 3B). This observation indicates that the midgut exhibits a metabolic switch from respirative metabolism to glycolysis upon HBP activation resembling the so-called Warburg effect, which produces metabolic precursors necessary for the rapidly proliferating cells ([@bib25], [@bib28]). In this condition, the end product of glycolysis, pyruvate, is further metabolized by lactate dehydrogenase (LDH) to yield lactate. Indeed, the sole fly ortholog of LDH (*ImpL3*) was strongly upregulated, whereas the mitochondrial enzyme pyruvate dehydrogenase (*PDHα/β*, CG11876, and *l(1)G0334*), driving the conversion of pyruvate to acetyl-CoA and oxidative phosphorylation, was downregulated in our dataset ([Figures 3](#fig3){ref-type="fig"}A--3C). Our data also show that the enzyme citrate synthase (*CS*, *kdn*), catalyzing the conversion of acetyl-CoA and oxaloacetate to citrate as the first step of the TCA cycle was downregulated, whereas the cytoplasmic ATP citrate lyase (*ATPCL*) was upregulated upon dietary GlcNAc ([Figures 3](#fig3){ref-type="fig"}A and [S3](#mmc1){ref-type="supplementary-material"}). These findings indicate that HBP regulates a gene expression program for the conversion of acetyl-CoA to fatty acids as opposed to their utilization for energy generation in oxidative phosphorylation. Taken together, these results support a model where, under the condition of elevated HBP activity, the midgut cells possess increased Warburg-like metabolism.Figure 3ISC Activation through HBP Is Mediated by Pyruvate Metabolism(A) Volcano plot showing the global gene expression changes in midgut cells after GlcNAc feeding. Genes involved in the TCA cycle (KEGG) (red dots) and oxidative phosphorylation (KEGG) (blue dots) are shown.(B) Heatmaps showing gene expression changes of all expressed genes annotated for TCA cycle (KEGG) and oxidative phosphorylation (KEGG) in midgut cells after GlcNAc feeding. DE sidebar denotes differential expression (violet bar for differentially expressed).(C) mRNA expressions (counts per million, cpm) of lactate dehydrogenase (*LDH*) and pyruvate dehydrogenase (*PDHα/β*) on control versus GlcNAc diet.(D) Schematics of the role of PDH and LDH in pyruvate metabolism driving pyruvate conversion to acetyl-CoA and lactate, respectively.(E) Modulating pyruvate metabolism through PDH and LDH knockdowns alters ISC responsiveness to dietary GlcNAc. MARCM clones of control, PDHα^RNAi^, PDHβ^RNAi^, and LDH^RNAi^ in 0.25× calorie-restricted diet with GlcNAc supplementation.(F) Quantification of (D). p values in (E) are calculated by Wilcoxon rank-sum test with multiple testing correction (FDR \< 0.05). The number of samples in the clonal experiments are indicated in the figure and in [Table S3](#mmc1){ref-type="supplementary-material"}.See also [Figure S3](#mmc1){ref-type="supplementary-material"} and [Tables S1](#mmc2){ref-type="supplementary-material"} and [S2](#mmc3){ref-type="supplementary-material"}.

A recent study shows that mitochondrial pyruvate metabolism regulates ISC proliferation in the mouse and fly models ([@bib46]). Specifically, it was shown that knockdown of the LDH and PDH enzymes either decreased or increased ISC divisions in the fly midgut, respectively. Hence, we asked if the HBP-mediated ISC activation is due to altered pyruvate metabolism. To this end, we generated LDH and PDH knockdown MARCM clones and followed the clonal propagation in the presence of dietary GlcNAc. When kept in the calorie-restricted diet, PDH knockdown had no effect on the clonal cell numbers, whereas the LDH knockdown clones were slightly smaller ([Figures 3](#fig3){ref-type="fig"}D and 3E). However, when the diet was supplemented with GlcNAc to stimulate HBP flux and ISC activation, we observed a synergistic effect between HBP and PDH knockdown resulting in larger clone size compared to the controls. In contrast, in the LDH knockdown clones, the growth-promoting effect of the dietary GlcNAc was nearly completely abolished ([Figures 3](#fig3){ref-type="fig"}D and 3E). These results suggest that pyruvate metabolism, and more specifically the production of lactate by the LDH, is a key step in the HBP-mediated ISC activation ([Figure 3](#fig3){ref-type="fig"}D).

HBP Is an Essential Facilitator of InR Signaling-Mediated Midgut Growth {#sec2.4}
-----------------------------------------------------------------------

The results presented above and the previously known role of HBP as a nutrient-responsive pathway suggest a model in which dynamic HBP activity is a mechanism to transmit information about ISC intrinsic nutritional and energetic status resulting in midgut adaptation. To test this idea directly, we asked if HBP activity is required for midgut adaptation in response to nutrients. Hence, we monitored cell propagation of *gfat2*^*Δ1*^ mutant clones in a calorie-restricted versus non-restricted diet. Indeed, nutrient content had no effect on the size of *gfat2*^*Δ1*^ mutant clones, indicating that HBP activity is required for adjusting the ISC division rate to the prevailing nutrient content ([Figure 4](#fig4){ref-type="fig"}A).Figure 4HBP Is an Essential Facilitator of InR-Mediated ISC Proliferation(A) Gfat2 is necessary for nutrient-dependent midgut adaptation. Quantification of the cell numbers in control and *gfat2*^*Δ1*^ MARCM clones in the control diet (1×) and calorie-restricted diet (0.25×).(B) Schematics of the role of nutrients in ISC extrinsic control of midgut growth. Feeding elicits local insulin (DILPs) production from visceral muscle (VM) and brain insulin-producing cells (IPC). Insulin activates the ISC insulin receptor (InR) signaling leading to ISC activation to cell growth and division.(C) HBP is an essential facilitator of InR signaling-mediated ISC proliferation. MARCM clones of control, InR^DN^, InR^CA^ (InR^αdel^ & InR^A1325D^), and Erk^CA^ in the absence or presence of dietary GlcNAc in control 1× diet.(D) Quantification of (C).(E) HBP is an essential facilitator of Akt-mediated ISC proliferation. Control, Akt^myr^, and Gfat2; Akt^myr^ expressing MARCM clones in control 1× diet.(F) Quantification of (E).(G) A model deciphering the role of HBP in ISC activation. HBP activity regulates the balance between oxidative phosphorylation and glycolysis-mediated lactate production and ISC quiescence and activation, respectively. p values in (A), (D), and (F) are calculated by Wilcoxon rank-sum test with multiple testing correction (FDR \< 0.05). The number of samples in the clonal experiments are indicated in the figure and in [Table S3](#mmc1){ref-type="supplementary-material"}.See also [Figure S4](#mmc1){ref-type="supplementary-material"}.

Since the adaptation of the midgut to fluctuating dietary conditions is mediated by systemic insulin signal (IIS) emanating from the midgut visceral muscle and brain insulin-producing cells ([Figure 4](#fig4){ref-type="fig"}B) ([@bib39]), we next asked if the HBP-mediated ISC activation interacts with InR signaling. To this end, we first generated intestinal MARCM clones expressing a dominant negative InR (InR^DN^). In the control non-diluted diet, the inhibition of InR signaling resulted in a significantly impaired growth of the midgut clones. Strikingly, dietary GlcNAc completely rescued the InR^DN^ phenotype ([Figures 4](#fig4){ref-type="fig"}C and 4D). This observation suggests the existence of an InR signaling-independent compensatory growth mechanism through HBP, relying solely on the stem cell intrinsic nutritional status. To further elucidate the interaction between InR signaling and HBP, we generated midgut clones expressing activated InR (InR^CA^; InR^A1325D^ and InR^αdel^). Overexpressing the InR^A1325D^ variant in midgut stem cell clones has previously been shown to either increase or decrease clonal growth ([@bib9], [@bib39]). When flies were fed in our control non-diluted diet, we found that midgut clones expressing the activated InR variants were smaller in size compared to the control clones ([Figures 4](#fig4){ref-type="fig"}C and 4D). However, when the diet was supplemented with GlcNAc, the clone size was dramatically increased, exceeding the level of the control clones in GlcNAc-fed animals ([Figures 4](#fig4){ref-type="fig"}C and 4D). In contrast, dietary GlcNAc did not further increase the size of MARCM clones expressing an activated variant of Erk (Erk^CA^), suggesting that HBP interacts specifically with IIS ([Figures 4](#fig4){ref-type="fig"}C and 4D).

To further explore the interaction between HBP and IIS, we generated MARCM clones expressing an activated variant of Akt (Akt^myr^), a well-known downstream effector of InR, and monitored the intestinal clonal growth in co-expression with Gfat2 or with dietary GlcNAc. Overexpressing Akt^myr^ resulted in striking shrinkage of the clone size measured by cell numbers ([Figures 4](#fig4){ref-type="fig"}E and 4F). Even though clonal cell numbers were reduced in the Akt^myr^-overexpressing clones, the cell size was clearly increased ([Figure S4](#mmc1){ref-type="supplementary-material"}), a phenotype previously reported in intestinal clones overexpressing InR ([@bib9]). Strikingly, when co-expressed with Gfat2 or in the presence of dietary GlcNAc, Akt^myr^-overexpressing clones were rescued as measured by cell numbers, and knockdown of PDH augmented this phenotype ([Figures 4](#fig4){ref-type="fig"}E, 4F, and [S4](#mmc1){ref-type="supplementary-material"}). In conclusion, the results presented show that HBP activity determines the regulatory output of InR-Akt signaling in ISCs.

Discussion {#sec3}
==========

Nutrition has been recognized as a key modulator of intestinal physiology, size, and morphology ([@bib34], [@bib60], [@bib58]). In addition, ISCs have been shown to respond to specific dietary nutrients such as the amino acids glutamate and methionine ([@bib12], [@bib38]). Yet, how the fluctuating dietary conditions translate into the maintenance of intestinal homeostasis remains poorly understood. In this study, we show that *Drosophila* ISCs employ a cell intrinsic nutrient-sensing mechanism dependent on HBP activity to adjust the rate of cell division into the prevailing nutrient content.

The contribution of HBP to cellular processes through N- and O-linked protein glycosylation is well established ([@bib15], [@bib36]). UDP-GlcNAc is implicated in diverse cellular processes depending on the cell type and developmental stage. These include, for example, hyaluronic acid production in connective tissue ([@bib40]), regulation of protein function through O-glycosylation in adipocyte differentiation ([@bib19]), hepatocyte insulin responsiveness ([@bib56]), and β cell function ([@bib1]). However, how HBP activity contributes to tissue-specific functions in preserving organismal homeostasis is less well understood. For example, increased levels of cellular D-glucosamine (GlcN) were shown to mimic a low-carbohydrate diet in mouse and in *C. elegans*, elevating the lifespan of these model organisms ([@bib54]). In flies, however, an increased HBP flux through GlcN feeding leads to cardiomyopathy and elevated mortality ([@bib37]). In our experiments, we have shown that HBP in the fly intestine regulates the balance between oxidative phosphorylation and glycolysis, contributing to the proliferation of the ISCs and intestinal adaptation to nutrient content. Such metabolic rewiring, also known as the Warburg effect, is a recurrent theme in highly proliferating cancer cells and has also recently been associated with stem cell activation in the mouse and fly models ([@bib16], [@bib46]). An outstanding question is if the rewiring of energy metabolism is an active driver of ISC activation or merely a passive consequence of it. Accordingly, the mechanism of HBP-mediated metabolic rewiring is not known. HBP could achieve this through several distinct mechanisms, such as by regulating signaling activities through protein O- and/or N-linked glycosylation. For example, proliferation of HBP-dependent hematopoietic cells relies on N-linked glycosylation and cell surface expression of IL-3 receptor α ([@bib55]). Alternatively, direct mechanisms altering metabolic fluxes of other glucose-metabolizing pathways could play a role. Finally, other cell non-autonomous mechanisms might contribute to ISC activation. Our transcriptional profiling experiment was performed from whole midguts, containing all intestinal cell types, and therefore, we cannot rule out the role of additional non-cell-autonomous mechanisms as shown in the mouse model by the secretion of lactate from Paneth cells to support ISC function ([@bib44]).

Systemic activation of the InR and the downstream Akt-TSC1/2-TOR signaling branch is triggered by local insulin secretion as a result of feeding ([@bib50]). TOR signaling responds also to intracellular amino acid levels, and together with other targets of the InR signaling, TOR regulates cellular growth and entry into mitosis ([@bib45]). However, in fly ISCs, TOR is not sufficient to trigger cell divisions. Augmenting TOR activity through inhibition of the negative regulator TSC1/2 leads to ISC withdrawal from the cell cycle without self-renewal and subsequent ISC loss ([@bib4], [@bib23], [@bib43]). These results highlight the need to maintain optimal TOR signaling to assure proper stem cell growth and maintenance, yet additional mechanisms are required to drive ISC divisions. Interestingly, while InR, upstream of TOR, has been shown to be necessary for the *Drosophila* ISC divisions in genetic loss-of-function experiments, gain of function of InR signaling has revealed conflicting results ([@bib4], [@bib9], [@bib23], [@bib39]). Namely, in different experimental settings, expressing a gain-of-function variant of InR in fly intestinal clones results in either increased or attenuated growth rate. Thus, mechanisms modulating the InR signaling responsiveness appear necessary for nutrient-dependent ISC proliferation. In our experimental conditions, activated InR signaling resulted in reduced intestinal clone size as measured by cell numbers. Upon elevated HBP flux, the stem cell divisions within InR^CA^-expressing clones were greatly enhanced. The result and previous findings by others suggest that on low ISC intrinsic HBP activity, activated InR signaling promotes ISC growth, cessation of cell divisions, and subsequent ISC loss. In order to stimulate ISC division, additional stem cell activation is required through the HBP-mediated metabolic rewiring ([Figure 4](#fig4){ref-type="fig"}E). Such regulation highlights the central role of stem cell intrinsic nutrient sensing through HBP, positioning it as an essential facilitator of growth factor-mediated ISC activation. The interdependency of HBP and InR signaling possibly reflects a mechanism protecting the organism from unrestrained stem cell division.

In this study, we have elucidated a mechanism of activating ISCs from calorie-restriction-induced slow division rate, and this finding holds possible therapeutic significance. Interestingly, it has been long recognized that glutamine improves intestine structure and function of murine intestinal atrophy models, i.e., shortened intestinal epithelium or erosion of intestinal villi, or critically ill human patients in parenteral feeding or chemotherapy ([@bib6], [@bib53], [@bib20], [@bib24], [@bib35]). Glutamine is a critical component of the cataplerotic TCA cycle flux, thereby increasing the production of important metabolic intermediates for growth, but also contributes to the activity of the HBP as a substrate for the rate-limiting enzyme Gfat ([@bib41]). Our results from the *Drosophila* intestine model show that Gfat is an essential gatekeeper of nutrient-induced ISC activation. In addition, we show that N-acetyl-D-glucosamine, a widely used dietary supplement, is sufficient to enhance ISC divisions in a calorie restriction-induced intestinal atrophy model. In summary, our findings may offer tools to increase the efficacy of therapies related to recovery from intestinal atrophy.

STAR★Methods {#sec4}
============

Key Resources Table {#sec4.1}
-------------------

REAGENT or RESOURCESOURCEIDENTIFIER**Antibodies**Mouse monoclonal anti DeltaDSHBC594.9B-s; RRID: [AB_528194](nif-antibody:AB_528194){#interref0015}Mouse monoclonal anti ProsperoDSHBMR1A-c; RRID: [AB_528440](nif-antibody:AB_528440){#interref0020}Rabbit polyclonal anti phospho histone H3 Ser10Cell Signaling9701; RRID: [AB_331535](nif-antibody:AB_331535){#interref0025}Rabbit polyclonal anti Pdm1[@bib57]N/AMouse monoclonal anti beta-galactosidasePromegaZ378A; RRID: [AB_2313752](nif-antibody:AB_2313752){#interref0030}**Chemicals, Peptides, and Recombinant Proteins**erioglaucine disodium saltSigma861146N-acetyl-D-glucosamineMP Biomedicals100068**Deposited Data**RNAseq dataGEOGEO: [GSE107052](ncbi-geo:GSE107052){#intref0010}**Experimental Models: Organisms/Strains**Drosophila melanogaster larvae, Age 1-6d after egg laying, Sex: male & femaleN/AN/ADrosophila melanogaster adults, Age 14d, Sex: femaleN/AN/ADrosophila melanogaster mutant Gfat2^Δ1^This studyN/ADrosophila melanogaster mutant Gfat2^Δ2^This studyN/ADrosophila melanogaster UAS-Gfat2This studyN/ADrosophila melanogaster esg-Gal4^ts^[@bib21]N/ADrosophila melanogaster Su(H)GBE-Gal4^ts^[@bib59]N/ADrosophila melanogaster UAS-mCD8::GFP, hsFLP; tub- GAL4; FRT82B tub-GAL80A gift from B. Edgar (Heidelberg Univ./Univ. of Utah)N/ADrosophila melanogaster UAS-InR^DN^Bloomington stock center8252Drosophila melanogaster UAS-InR^A1325D^Bloomington stock center8263Drosophila melanogaster UAS-InR^αdel^Bloomington stock center8248Drosophila melanogaster UAS-rl^sem^Bloomington stock center59006Drosophila melanogaster UAS-Akt^myr^Bloomington stock center50758Drosophila melanogaster UAS-LDH^RNAi^VDRC110190Drosophila melanogaster UAS-PDHα^RNAi^VDRC107209Drosophila melanogaster UAS-PDHβ^RNAi^VDRC104022**Oligonucleotides**Guide RNA for CRISPR mediated mutagenesis of Gfat2:\
AAACTACTTGACGCCCAAGTThis studyN/A**Software and Algorithms**R/BioconductorN/A<https://www.bioconductor.org/>ImageJN/A<https://imagej.nih.gov/ij/>

Contact for Reagent and Resource Sharing {#sec4.2}
----------------------------------------

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Michael Boutros (<m.boutros@dkfz-heidelberg.de>).

Experimental Model and Subject Details {#sec4.3}
--------------------------------------

### *Drosophila* Stocks {#sec4.3.1}

Drosophila stocks used in this study: Gfat2^Δ1^ and Gfat2^Δ2^ (this study), UAS-Gfat2 (this study), Esg-Gal4^ts^ ([@bib21]), Su(H)GBE-Gal4^ts^ ([@bib59]), UAS-mCD8::GFP, hsFLP; tub-GAL4; FRT82B tub-GAL80 (a gift from B. Edgar), UAS-InR^DN^ (BLN:8252), UAS-InR^A1325D^ (BLN:8263), UAS-InR^αdel^ (BLN:8248), UAS-rl^sem^ (Erk^CA^, BLN:59006), UAS-Akt^myr^ (BLN:50758), UAS-LDH^RNAi^ (VDRC:110190), UAS-PDHα^RNAi^ (VDRC:107209), UAS-PDHβ^RNAi^ (VDRC:104022). Fly stocks were maintained at 25°C with fly food containing agar 0.8% (w/v), syrup 4,4% (w/v), corn flour 8% (w/v), soya flour 1% (w/v), malt 8% (w/v), dry baker\'s yeast 1.8% (w/v), propionic acid 0.6% (v/v), phosphoric acid 0.06% (v/v) and Nipagin (methylparaben) 0.24% (v/v). For calorie restriction experiments, the fly food was diluted to 0.25x in 0.8% agar while keeping the preservative concentrations constant. For GlcNAc feeding, N-acetyl-D-glucosamine (MP Biomedicals, cat no:100068) was directly dissolved into the fly food in 0.1 M concentration.

Method Details {#sec4.4}
--------------

### MARCM Analysis {#sec4.4.1}

Fly stocks were crossed to UAS-mCD8::GFP, hsFLP; tub-GAL4; FRT82B tub-GAL80 to generate offspring with the desired genotype. Newly eclosed mated female flies were kept in standard fly food for seven days before clone induction. To induce clones, flies were transferred into indicated diets and heat-shocked at 37°C for 1 hour 30 minutes in a water bath. Intestines were dissected and analyzed seven days after the heat shock. To count cell number in clones, low-resolution confocal Z-stacks were taken from midgut R4c region ([@bib7]). The stacks were processed by the ImageJ software, and the cells within clones were scored by superimposing GFP and DAPI channels.

### Food Intake Measurement {#sec4.4.2}

Female flies of the genotype UAS-mCD8::GFP, hsFLP; tub-GAL4/+; FRT82B tub-GAL80/FRT82B were sampled in parallel with MARCM clone induction. Before measuring food intake the flies were kept on the indicated fly food for 5 days. The flies were then transferred to the indicated diet supplemented with 0.5% (w/v) Acid Blue 9 (erioglaucine disodium salt, Sigma 861146) for 4 hours. Quadruplicates of 8 flies per sample were then homogenized in 500μl PBS and cellular depris was removed by centrifugation. Food intake was quantified by measuring absorbance of the supernatant at 625nm and normalized to the wet weight of the flies.

### Generation of Drosophila Mutants {#sec4.4.3}

The *gfat2*^*Δ1*^ and *gfat2*^*Δ2*^ alleles were generated by CRISPR/Cas9 as described previously ([@bib42]). The gRNA sequence used was AAACTACTTGACGCCCAAGT. Deletions were confirmed by Sanger sequencing.

### Pupation Curves and Lethality Measurement {#sec4.4.4}

Thirty first-instar larvae were seeded per vial, four vials for each genotype, and grown under controlled conditions, in the indicated diets as described above. The number of pupated animals was counted over time, and is represented as a percentage of total pupated animals. For measuring larval lethality, thirty first-instar larvae were seeded per vial, four vials per genotype, and grown on 5% sucrose in 0.5% agar supplemented with 0.1 M GlcNAc. The number of surviving animals was counted over time, and is represented as a percentage of total animals.

### Immunohistochemistry {#sec4.4.5}

For immunofluorescence staining, intestines were dissected in PBS and fixed in 8% paraformaldehyde for 30 min. Tissue were washed with 0.1% Triton-X100 in PBS, and blocked in 1% bovine serum albumin for 1 h. Subsequently, tissues were stained with anti-Delta (1:120) (C594.9B, Developmental Studies Hybridoma Bank, DSHB), anti-Prospero (MR1A-c, DSHB) anti-Pdm1 (1:2000) ([@bib57], a gift from W. Chia) and anti-pH3 (1:600) (Cell Signaling, cat no: 9701). The samples were mounted in Vectashield and imaged by the Broadband Confocal Leica TCS SP5 and SP8 systems.

### RNA-Seq and Data Analysis {#sec4.4.6}

For RNA sequencing, 7-day-old mated females were placed to calorie restriction (0.25x diluted food) with 0.1 M GlcNAc for 24 hours. Subsequently, intestines were dissected and total RNA was extracted using the RNeasy kit (Qiagen). Four independent samples from control (-GlcNAc) and experiment (+GlcNAc) were sampled in parallel. The samples were sequenced on Illumina HiSeq 2500 platform (single-end reads, length 50 bp).

The quality of the raw sequencing data was assessed with FASTQC (v.0.11.2) and reads were trimmed with Trimmomatic (v.0.33). The reads were required to be minimum of 36 bases long, and they were scanned with 4-base sliding window with minimum quality value of 15 per base. The strands were also required minimum quality of 20 in both ends. TopHat (v.2.1.0) was used for mapping reads to the *D. melanogaster* reference genome (Flybase R6.10). The HTSeq was used for strand-specific quantification of exons with reads below quality of 10 discarded. The differential expression analysis was performed with R/Bioconductor package limma. Low expressed genes were filtered, expressed genes requiring to have cpm\>1 in at least 3/4 replicates in at least one of the conditions. For the gene set enrichment analysis we used R/Bioconductor package piano (v.1.1.16.2). Command runGSA was used with GSEA algorithm and row sampling with 1000 permutations for all expressed genes. The pathway databases consisted of KEGG, Reactome, Wikipathways and GO. The heatmaps of selected pathways were performed using scaled log~2~ CPM values of each replicate. The row-wise clustering of the heatmaps was performed using correlation distance.

Data and Software Availability {#sec4.5}
------------------------------

The accession number for the RNAseq data reported in this paper is GEO: [GSE107052](ncbi-geo:GSE107052){#interref0010}.

Quantification and Statistical Analysis {#sec4.6}
---------------------------------------

Statistical analyses were performed in R/Bioconductor. For the count data Wilcoxon rank-sum test with multiple testing correction (FDR\<0.05) was used. For the parametric data two-way ANOVA in conjunction with Tukey's HSD test was used. The number of samples (N^guts^ & N^clones^) is detailed within figures and in [Table S3](#mmc1){ref-type="supplementary-material"}.
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